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Abstract
A complete characterization of all the possible effective interactions up to di-
mension 5 of the top and bottom quarks with the electroweak gauge bosons have
been made within the context of the non-linear chiral Lagrangian. The dimen-
sion 5 operators (19 in total) can contribute to the VLVL → tt or tb amplitudes
with a leading energy power of E3 (E2) for fermion pairs with same (oppo-
site) sign helicities. Because of the equivalence between the longitudinal weak
boson and the corresponding would-be Goldstone boson in high energy colli-
sions (Goldstone Equivalence Theorem), they are sensitive to the electroweak
symmetry breaking sector. We also show the top quark production rates at
the LHC and the LC via VLVL fusion processes. At the LC, if no anomalous
production rate is found, these coefficients can be bound (based on the naive
dimensional analysis) to be of order 10−1. This is about an order of magnitude
more stringent than the bounds for the next-to-leading order bosonic opera-
tors commonly studied in VLVL → VLVL scatterings. The effects on a CP-odd
observable are also briefly discussed.
PACS numbers: 14.65.Ha, 12.39.Fe, 12.60.-i
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Me´xico.
1 Introduction
Despite the unquestionable significance of its achievements, like that of predict-
ing the existence of the top quark, there is no reason to believe that the Standard
Model (SM) is the final theory. For instance, the SM contains many arbitrary pa-
rameters with no apparent connections. In addition, the SM provides no satisfactory
explanation for the symmetry-breaking mechanism which takes place and gives rise
to the observed mass spectrum of the gauge bosons and fermions. Because the top
quark is heavy relative to other observed fundamental particles, one expects that
any underlying theory, to supersede the SM at some high energy scale Λ ≫ mt,
will easily reveal itself at lower energies through the effective interactions of the top
quark to other light particles. Also because the top quark mass (∼ v/√2) is of the
order of the Fermi scale v = (
√
2GF )
−1/2
= 246GeV [1], which characterizes the
electroweak symmetry-breaking scale, the top quark system could be a useful probe
for the symmetry-breaking sector. Furthermore, the fermion mass generation can be
closely related to the electroweak symmetry-breaking mechanism, one expects some
residual effects of this mechanism to appear in accordance with the mass hierarchy
[2, 3, 4]. This means that new effects should be more apparent in the top quark sector
than in any other light sector of the theory. Therefore, it is important to study the
top quark system as a direct tool to probe new physics effects [5].
Because of the great diversity of models proposed for possible new physics (beyond
the SM), it has become necessary to study these possible new interactions in a model
independent approach [6]. This approach has proved to render relevant non-trivial
information about the possible deviations from the standard couplings of the heavier
elementary particles (heavy scalar bosons, the bottom and the top quarks, etc.) [7].
Our study focuses on the top quark, which because of its remarkably higher mass
is the best candidate among the fermion particles for manifesting these anomalous
interactions at high energies.
A common approach to study these anomalous couplings is to consider the most
general on-shell vertices (form factors) involving the bottom and the top quarks and
the gauge bosons of interest [5]. In this work we will incorporate the effective chiral
Lagrangian approach [8], which is based on the principle of gauge symmetry, but the
symmetry is realized in the most general (non-linear) form so as to encompass all
the possible interactions consistent with the existing experimental data. The idea
of using this approach is to exploit the linearly realized U(1)em symmetry and the
non-linearly realized SU(2)L×U(1)Y symmetry to make a systematic characterization
of all the anomalous couplings. In this way, for example, different couplings which
otherwise would be considered as independent become related through the equations
of motion.
In Ref. [4] it was shown that low energy data (including Z pole physics) gener-
ally do not impose any stringent constraints on the κ coefficients of the anomalous
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couplings in L(4) [cf. Eq. (33)]. Hence these anomalous couplings have to be directly
measured via production of top quarks at the colliders. For instance, the couplings
κCCL,R can be measured from the decay of the top quarks in tt pairs produced either at
hadron colliders, such as the Tevatron and the Large Hadron Collider (LHC), or at
the electron linear collider (LC). They can also be studied from the production of the
single-top quark events via W -gluon fusion (Wg → tb¯) [9, 10, 11, 12, 13] or the Drell-
Yan like (W ∗ → tb) [14, 15] processes at the hadron colliders, as well as from the
W -photon fusion (Wγ → tb¯) process at the electron colliders [16]. The coupling κNCL,R
can only be sensitively probed at a future linear collider via the e+ e− → γ, Z → tt
process [17] because at hadron colliders the tt production rate is dominated by QCD
interactions ( qq, gg → tt ). At the LHC κNCL,R may also be studied via the associated
production of tt with Z bosons, which deserves a separate study.
In this work, we will extend the previous study by including dimension 5 fermionic
operators, and then examine the precision with which the coefficients of these opera-
tors can be measured in high energy collisions. Since it is the electroweak symmetry
breaking sector that we are interested in, we shall concentrate on the interaction of
the top quark with the longitudinal weak gauge bosons; which are equivalent to the
would-be Goldstone bosons in the high energy limit. This equivalence is known as
the Goldstone Equivalence Theorem [18]-[21].
For simplicity, we will only construct the complete set of dimension 5 effective
operators for the fermions t and b, although our results can be trivially extended for
operators including other fermions such as the flavor changing neutral interactions
t-c-Z, t-c-γ [22] and t-c-g [23].
Our strategy for probing these anomalous dimension 5 operators ( L(5) ) is to
study the production of tt pairs as well as single-t or t via the W+LW
−
L , ZLZL and
W±L ZL (denoted in general as VLVL) fusion processes in the TeV region. As we shall
show later, the leading contribution of the scattering amplitudes at high energy goes
as E3 for the anomalous operators L(5), where E = √s is the CM energy of the
W+W− or ZZ system (that produces tt), or the W±Z system (that produces tb or
bt). On the other hand, when the coefficients κCCL,R and κ
NC
L,R are zero, the dimension
4 operators L(4) can at most contribute with the first power E1 to these scattering
VLVL processes. Hence, in this case, the VLVL → ff ′ scatterings in the high energy
region are more sensitive to L(5) than to L(4). If these κ’s are not zero, then the
high energy behavior can at most grow as E2 as compared to E3 for the dimension 5
operators (See Appendix B).
As mentioned before, the dimension 4 anomalous couplings κ’s are better mea-
sured at the scale of MW or mt by studying the decay or the production of the top
quark at either the Tevatron, the LHC, or the LC near the tt threshold. Since, as
mentioned above, the dimension 5 operators are better measured in the TeV region,
we shall assume that by the time their measurement is feasible, the κ’s will already
be known. Thus, to simplify our discussion, we will take the values of the κ’s to be
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zero when presenting our numerical results.
We show that there are 19 independent dimension 5 operators (with only t, b and
gauge boson fields) in L(5) after imposing the equations of motion for the effective
chiral Lagrangian. It is expected that at the LHC or the LC there will be about a few
hundreds to a few thousands of tt pairs or single-t (or single-t) events produced via
the VLVL fusion processes. The coefficients of these operators, with the pre-factor
1
Λ
,
could be measured at the LC (less likely at the LHC) to order 10−2 or 10−1. As will
shown later, the pre-factor 1
Λ
is suggested by the naive dimensional analysis [25], and
Λ is the cut-off scale of the effective theory. It could be the lowest new heavy mass
scale, or something around 4πv ≃ 3.1 TeV if no new resonances exist below Λ. As a
comparison, the coefficients of the NLO bosonic operators are usually determined to
about an order of 10−1 or 1 via VLVL → VLVL processes [21, 24]. Hence, the scattering
processes VLVL → tt, tb, or bt at high energy may be more sensitive for probing some
symmetry breaking mechanisms than VLVL → VLVL.
This paper is organized as follows. In section 2 the general framework of the
Electroweak Chiral Lagrangian is presented. In section 3 we make a systematic char-
acterization of all the independent dimension 5 operators that are invariant under
the symmetry of the gauge group. Section 4 deals with the CP properties of these
interactions. In section 5 we make a general analysis of their potential contribution
to the production cross section of top quarks according to their behavior at high en-
ergies. A very useful simplification is made by considering an approximate custodial
symmetry in our set of operators; this is discussed in section 6. Section 7 contains
the analytical results for the amplitudes of various VLVL fusion processes; an approx-
imate custodial symmetry is assumed here, but the general expressions can be found
in Appendices B and C. Finally, in section 8 we discuss the values for the coefficients
of these anomalous operators at which a significant signal can appear at both the
LHC and the LC; also, we include an example of how one can measure possible CP
violating effects coming from these operators. Section 9 has our conclusions.
2 The ingredients of the Electroweak Chiral La-
grangian
We consider the electroweak theories in which the gauge symmetry G ≡ SU(2)L×
U(1)Y is spontaneously broken down to H = U(1)em[4, 25, 26, 27]. There are three
Goldstone bosons, φa (a = 1, 2, 3), generated by this breakdown of G into H , which
are eventually eaten by the W± and Z gauge bosons and become their longitudinal
degrees of freedom.
In the non-linearly realized chiral Lagrangian formulation, the Goldstone bosons
transform non-linearly under G but linearly under the subgroup H . A convenient
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way to handle this is to introduce the matrix field
Σ = exp
(
i
φaτa
va
)
, (1)
where τa, a = 1, 2, 3 are the Pauli matrices normalized as Tr(τaτ b) = 2δab. The
matrix field Σ transforms under G as
Σ→ Σ′ = gLΣ g†R , (2)
with
gL = exp
(
i
αaτa
2
)
, (3)
g†R = exp(−i
yτ 3
2
) ,
where α1,2,3 and y are the group parameters of G. Because of the U(1)em invariance,
v1 = v2 = v in Eq. (1), but they are not necessarily equal to v3. In the SM, v is the
vacuum expectation value of the Higgs boson field, and characterizes the scale of the
symmetry-breaking. Also, v3 = v arises from the approximate custodial symmetry
present in the SM. It is this symmetry that is responsible for the tree-level relation
ρ =
M2W
M2Z cos
2 θW
= 1 (4)
in the SM, where θW is the electroweak mixing angle, MW and MZ are the masses
of W± and Z boson, respectively. In this paper we assume the underlying theory
guarantees that v1 = v2 = v3 = v.
In the context of this non-linear formulation of the electroweak theory, the massive
charged and neutral weak bosons can be defined by means of the composite field:
Waµ = −iTr(τaΣ†DµΣ) (5)
where1
DµΣ =
(
∂µ − ig τ
a
2
W aµ
)
Σ . (6)
Here,W aµ is the gauge boson associated with the SU(2)L group, and its transformation
is
τaW aµ → τaW
′a
µ = gL τ
aW aµ g
†
L +
2i
g
gL∂µg
†
L , (7)
where g is the gauge coupling. The DµΣ term transforms under G as
DµΣ→ DµΣ′ = gL (DµΣ) g†R + gLΣ∂µg†R . (8)
1This is not the covariant derivative of Σ. The covariant derivative is
DµΣ = ∂µΣ− ig τa2 W aµΣ+ ig ′Σ τ
3
2 Bµ, such that DµΣ→ DµΣ′ = gL(DµΣ) g†R.
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Therefore, by using the commutation rules for the Pauli matrices and the fact that
Tr(AB) = Tr(BA) we can prove that the composite field Waµ will transform under G
in the following manner:
W3µ →W ′3µ =W3µ − ∂µy , (9)
W±µ →W ′±µ = e±iyW±µ , (10)
where
W±µ =
W1µ ∓ iW2µ√
2
. (11)
Also, it is convenient to define the field
Bµ = g ′Bµ , (12)
which is really the same gauge boson field associated with the U(1)Y group (g
′ is the
gauge coupling). The field Bµ transforms under G as
Bµ → B′µ = Bµ + ∂µy . (13)
We now introduce the composite fields Zµ and Aµ as
Zµ =W3µ + Bµ , (14)
s2wAµ = s2wW3µ − c2wBµ , (15)
where s2w ≡ sin2 θW , and c2w = 1− s2w. In the unitary gauge (Σ = 1)
Waµ = −gW aµ , (16)
Zµ = − g
cw
Zµ , (17)
Aµ = − e
s2w
Aµ , (18)
where we have used the relations e = gsw = g
′cw, W 3µ = cwZµ + swAµ, and Bµ =
−swZµ + cwAµ. In general, the composite fields contain Goldstone boson fields:
Zµ = − g
cw
Zµ +
2
v
∂µφ
3 − i2g
v
(W+µ φ
− −W−µ φ+) +
i
2
v2
(φ−∂µφ
+ − φ+∂µφ−) + · · · , (19)
W±µ = −gW±µ +
2
v
∂µφ
± ± i2g
v
(φ3W±µ −W 3µφ±) ±
i
2
v2
(φ±∂µφ
3 − φ3∂µφ±) + · · · , (20)
where · · · denotes terms with 3 or more boson fields.
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The transformations of Zµ and Aµ under G are
Zµ → Z ′µ = Zµ , (21)
Aµ → A′µ = Aµ −
1
s2w
∂µy . (22)
Hence, under G the fields W±µ and Zµ transform as vector fields, but Aµ transforms
as a gauge boson field which plays the role of the photon field Aµ.
Using the fields defined as above, one may construct the SU(2)L × U(1)Y gauge
invariant interaction terms in the chiral Lagrangian
LB = − 1
4g2
WaµνWaµν −
1
4g′2
BµνBµν
+
v2
4
W+µW−µ +
v2
8
ZµZµ + . . . , (23)
where
Waµν = ∂µWaν − ∂νWaµ + ǫabcWbµWcν , (24)
Bµν = ∂µBν − ∂νBµ , (25)
and where . . . denotes other possible four- or higher-dimension operators [27]. It is
easy to show that2
Waµντa = −gΣ†W aµντaΣ (26)
and
WaµνWaµν = g2W aµνW aµν , (27)
which does not have any explicit dependence on Σ. This simply reflects the fact
that the kinetic term is not related to the Goldstone bosons sector, i.e. it does not
originate from the symmetry-breaking sector.
The mass terms in Eq. (23) can be expanded as
v2
4
W+µW−µ +
v2
8
ZµZµ = ∂µφ+∂µφ− + 1
2
∂µφ
3∂µφ3
+
g2v2
4
W+µ W
µ− +
g2v2
8c2w
ZµZ
µ + . . . . (28)
At the tree-level, the mass of W± boson is MW = gv/2 and the mass of Z boson is
MZ = gv/2cw.
Fermions can be included in this context by assuming that each flavor transforms
under G = SU(2)L ×U(1)Y as
f → f ′ = eiyQff , (29)
2 Use Waµτa = −2iΣ†DµΣ , and [τa, τb] = 2iǫabcτc.
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where Qf is the electric charge of f . (Qf =
2
3
for the top, and Qf = −13 for the
bottom quark.)
Out of the fermion fields f1, f2 (two different flavors) and the Goldstone bosons
matrix field Σ, the usual linearly realized fields Ψ can be constructed. For example,
the left-handed fermions [SU(2)L doublet] are
ΨL ≡
(
ψ1
ψ2
)
L
= ΣFL = Σ
(
f1
f2
)
L
(30)
with Qf1 −Qf2 = 1. One can easily show that ΨL transforms linearly under G as
ΨL → Ψ′L = gΨL , (31)
where g = exp(iα
aτa
2
)exp(iy Y
2
) ∈ G, and Y = 1
3
is the hypercharge of the left handed
quark doublet.
In contrast, linearly realized right-handed fermions ΨR [SU(2)L singlet] simply
coincide with FR, i.e.,
ΨR ≡
(
ψ1
ψ2
)
R
= FR =
(
f1
f2
)
R
. (32)
With these fields we can now construct the most general gauge invariant chiral La-
grangian that includes the electroweak couplings of the top quark up to dimension
four [4].
L(4) = itγµ
(
∂µ + i
2s2w
3
Aµ
)
t+ ibγµ
(
∂µ − is
2
w
3
Aµ
)
b
−1
2
(
1− 4s
2
w
3
+ κNCL
)
tLγ
µtLZµ − 1
2
(−4s2w
3
+ κNCR
)
tRγ
µtRZµ
−1
2
(
−1 + 2s
2
w
3
)
bLγ
µbLZµ − s
2
w
3
bRγ
µbRZµ
− 1√
2
(
1 + κCCL
)
tLγ
µbLW+µ −
1√
2
(
1 + κCCL
†)
bLγ
µtLW−µ
− 1√
2
κCCR tRγ
µbRW+µ −
1√
2
κCCR
†
bRγ
µtRW−µ
−mttt−mbbb . (33)
In the above equation, the coefficients κNCL , κ
NC
R , κ
CC
L , and κ
CC
R parametrize possible
deviations from the SM predictions [4].
The constraints on the κ’s from the LEP/SLC data and from the recent measure-
ment on Br(b→ sγ) [28], are given in Refs. [4] and [29], respectively. (We shall come
back to these constraints later in the section of Conclusions.) As mentioned in the
Introduction, in this paper we are setting these κ coefficients to be zero in L(4), which
will be denoted as L(4)SM from now on.
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In the next section we will construct the complete set of independent operators of
dimension 5, such that the complete effective Lagrangian relevant to this work will
be
Leff = LB + L(4)SM + L(5) , (34)
where L(5) denotes the higher dimensional operators.
3 Dimension five operators
Our next task is to find all the possible dimension five hermitian interactions
that involve the top quark and the fields W±µ , Zµ and Aµ. Notice that the gauge
transformations associated with these and the composite fermion fields ( Eq. (29) )
are dictated simply by the U(1)em group. We will follow a procedure similar to the
one in Ref. [30], which consists of constructing all possible interaction terms that
satisfy the required gauge invariance, and that are not equivalent to each other. The
criterion for equivalence is based on the equations of motion (see Appendix A) and
on partial integration. As for the five dimensions in these operators, three will come
from the fermion fields, and the other two will involve the gauge bosons. To make a
clear and systematic characterization, let us recognize the only three possibilities for
these two dimensions:
(1) Operators with two boson fields.
(2) Operators with one boson field and one derivative.
(3) Operators with two derivatives.
(1) Two boson fields. First of all, notice that the Aµ field gauge transformation
( Eq. (22) ) will restrict the use of this field to covariant derivatives only. Therefore,
except for the field strength term Aµν only the Z andW fields can appear multiplying
the fermions in any type of operators. Also, the only possible Lorentz structures are
given in terms of gµν and σµν tensors. We do not need to consider the tensor product
of γµ’s since
6a 6 b = gµνaµbν − iσµνaµbν . (35)
Finally, we are left with only three possible combinations:
(1.1) two Zµ’s,
(1.2) two Wµ’s, and
(1.3) one of each.
Let us write down the corresponding operators for each case:
(1.1) Since σµν is antisymmetric, only the gµν part is non-zero:
3
OgZZ = t¯LtRZµZµ + h.c. (36)
3 In the next section we will write explicitly the h.c. parts.
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(1.2) Here, the antisymmetric part is non-zero too:
OgWW = t¯LtRW+µW−µ + h.c. (37)
OσWW = t¯Lσ
µνtRW+µW−ν + h.c. (38)
(1.3) In this case we have two different quark fields, therefore we can distinguish
two different combinations of chiralities:
OgWZL(R) = t¯L(R)bR(L)W+µ Zµ + h.c. (39)
OσWZL(R) = t¯L(R)σ
µνbR(L)W+µ Zν + h.c. (40)
(2) One boson field and one derivative. The obvious distinction arises:
(2.1) the derivative acting on a fermion field, and
(2.2) the derivative acting on the boson.
(2.1) From Eqs. (22) and (29), the covariant derivative for the fermions is given
by 4
Dµf = (∂µ + iQfs
2
wAµ)f,
Dµf = f¯(
←
∂µ −iQfs2wAµ). (41)
Notice that it depends on the fermion charge Qf , hence the covariant derivative for the
top quark is not the same as for the bottom quark; partial integration could not relate
two operators involving derivatives on different quarks. Furthermore, by looking at
the equations of motion we can immediately see, for example, that operators of the
form f¯ 6Z 6Df or f¯ (up) 6W+ 6Df (down) are equivalent to operators with two bosons, which
have all been considered already. Following the latter statement and bearing in mind
the identity of Eq. (35) we can see that only one Lorentz structure needs to be
considered here, either one with σµν or one with gµν . Let us choose the latter.
OWDbL(R) = W+µt¯L(R)DµbR(L) + h.c. (42)
OWDtR(L) = W−µb¯L(R)DµtR(L) + h.c. (43)
OZDf = Zµt¯LDµtR + h.c. (44)
Of course, the A field did not appear. Remember that its gauge transformation pre-
vents us from using it on anything that is not a covariant derivative or a field strength
Aµν .
4To simplify notation we will use the same symbol Dµ for all covariant derivatives. Identifying
which derivative we are referring to should be straightforward, e.g. Dµ in Eq. (41) is different from
Dµ in Eq. (6).
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(2.2) Since W transforms as a field with electric charge one, the covariant deriva-
tive is simply given by (see Eq. (10) ):
DµW+ν = (∂µ + is2wAµ)W+ν
D†µW−ν = (∂µ − is2wAµ)W−ν (45)
Obviously, since the neutral Z field is invariant under the G group transformations
[cf. Eq. (21)], we could always add it to our covariant derivative:
D(Z)µ W+ν = (∂µ + is2wAµ + iaZµ)W+ν
where a would stand for any complex constant. Actually, considering this second
derivative would insure the generality of our analysis, since for example by setting
a = c2w and comparing with Eqs. (14) and (15) we would automatically include the
field strength term5
W±µν = ∂µW±ν − ∂νW±µ ± i(W±µW3ν −W3νW±µ ) = D(Z)µ W±ν −D(Z)ν W±µ . (46)
However, this extra term in the covariant derivative would only be redundant. We
can always decompose any given operator written in terms of D(Z)µ into the sum of
the same operator in terms of the original Dµ plus another operator of the form
OgWZL(R) or OσWZL(R) [cf. Eqs. (39) and (40)]. Therefore, we only need to consider
the covariant derivative (45) for the charged boson and still maintain the generality
of our characterization. For the neutral Z boson, the covariant derivative is just the
ordinary one,
DµZν = ∂µZν . (47)
The case for the A boson is nevertheless different. Being the field that makes
possible the U(1)em covariance in the first place, it cannot be given any covariant
derivative itself. For A, we have the field strength:
Aµν = ∂µAν − ∂νAµ ,
Finally, we can now write the operators with the covariant derivative-on-boson
terms. Unfortunately, no equations of motion can help us reduce the number of
independent operators in this case, and we have to bring up both the σµν and the gµν
Lorentz structures.
OσDZ = t¯Lσ
µνtR∂µZν + h.c. (48)
OgDZ = t¯LtR∂µZµ + h.c. (49)
OσDWL(R) = t¯L(R)σ
µνbR(L)DµW+ν + h.c. (50)
OgDWL(R) = t¯L(R)bR(L)DµW+µ + h.c. (51)
OA = t¯Lσ
µνtRAµν + h.c. (52)
5From Eqs. (11) and (24), we write W±µν = 1√2 (W1µν ∓ iW2µν).
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(3) Operators with two derivatives.
As it turns out, all operators of this kind are equivalent to the ones already given
in the previous cases. Here, we shall present the argument of why this is so. First of
all, we only have two possibilities:
(3.1) one derivative acting on each fermion field, and
(3.2) both derivatives acting on the same fermion field.
(3.1) Just like in the case (2.1) above, we first notice that an operator of the
form f¯
←
6D 6Df can be decomposed into operators of the previous cases (1.1), (1.2)
and (1.3) by means of the equations of motion. Therefore, we only have to consider
one of two options, either Dµfσ
µνDνf , or Dµfg
µνDνf . Let us choose the latter. By
means of partial integration we can see that the term (∂µf¯)∂
µf yields the same action
as the term −f¯∂µ∂µf , and we only need to consider the case in which the covariant
derivatives act on the same f , which is just the type of operator to be considered next.
(3.2) Again, by using the equations of motion twice we can relate the operator
f¯ 6D 6Df to operators of the type (1.1), (1.2) or (1.3). Either f¯σµνDµDνf , or f¯DµDµf
needs to be considered. This time we choose the former, which can be proved to be
nothing but the operator OA itself, i.e. Eq. (52). 6.
4 Hermiticity and CP invariance
The above list of the dimension 5 operators is complete in the sense that it includes
all non-equivalent dimension five interaction terms that satisfy SU(2)L×U(1)Y gauge
invariance. It is convenient now to analyze their CP properties. In order to make
our study more systematic and clear we will re-write this list again, but this time
we will display the added hermitian conjugate part in detail. By doing this the CP
transformation characteristics will be most clearly presented too.
Let us divide the list of operators in two: those with only the top quark, and those
involving both top and bottom quarks.
4.1 Interactions with top quarks only
Let’s begin by considering the operator OgZZ . We will include an arbitrary constant
coefficient a which in principle could be complex, then
OgZZ ∼ at¯LtRZµZµ + a∗t¯RtLZµZµ
= Re(a)t¯tZµZµ + Im(a)it¯γ5tZµZµ .
6This can be easily checked by applying the definition of Dµ in Eq. (41).
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Our hermitian operator has naturally split into two independent parts: one that
preserves parity (scalar), and one that does not (pseudoscalar). Also, the first part
is CP even whereas the second one is odd. The natural separation of these two parts
happens to be a common feature of all operators with only one type of fermion field.
Nevertheless, not always will the parity conserving part also be CP even, as we shall
soon see.
Below, the complete list of all 7 operators with only the top quark is given. In
all cases the two independent terms are included; the first one is CP even, and the
second one is CP odd. They are:
OgZZ =
1
Λ
Re(azz1)t¯tZµZµ + 1
Λ
Im(azz1)it¯γ5tZµZµ, (53)
OgWW =
1
Λ
Re(aww1)t¯tW+µW−µ +
1
Λ
Im(aww1)it¯γ5tW+µW−µ, (54)
OσWW =
1
Λ
Im(aww2)it¯σ
µνtW+µW−ν +
1
Λ
Re(aww2)t¯σ
µνγ5tW+µW−ν , (55)
OZDf =
1
Λ
Im(az3)it¯DµtZµ + 1
Λ
Re(az3)t¯γ5DµtZµ, (56)
OgDZ =
1
Λ
Im(az4)it¯γ5t∂µZµ + 1
Λ
Re(az4)t¯t∂µZµ, (57)
OσDZ =
1
Λ
Re(az2)t¯σ
µνt∂µZν + 1
Λ
Im(az2)it¯σ
µνγ5t∂µZν , (58)
OA =
1
Λ
Re(aA)t¯σ
µνtAµν + 1
Λ
Im(aA)it¯σ
µνγ5tAµν . (59)
Notice that in the operator OgDZ the CP even part happens to be parity violating.
This is because under a CP transformation a scalar term t¯t remains intact, i.e. it
does not change sign, whereas a pseudoscalar term t¯γ5t changes sign. Also, the gauge
bosons change sign under C, which is what makes the scalar part of the OgDZ operator
to change sign under CP. On the contrary, the operator OgZZ contains two bosons;
thus two changes of sign that counteract each other. Therefore, it is the scalar part
of OgZZ that is CP even. In Table 1 we summarize in detail the discrete C, P and
CP symmetries of the above operators.
As for the size of these effective operators, based on the naive dimensional analysis
(NDA) their coefficients are of order 1
Λ
, where Λ is the cut-off scale of the effective
theory. Therefore, the natural size of the normalized coefficients (the a’s) is of order
one.
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4.2 Interactions with both top and bottom quarks
Below, we show the next list of 12 operators with both top and bottom quarks.7
Again, we include an arbitrary complex coefficient a. They are:
OgWZL(R) =
1
Λ
awz1L(R)t¯L(R)bR(L)W+µ Zµ +
1
Λ
a∗wz1L(R)b¯R(L)tL(R)W−µ Zµ, (60)
OσWZL(R) =
1
Λ
awz2L(R)t¯L(R)σ
µνbR(L)W+µ Zν +
1
Λ
a∗wz2L(R)b¯R(L)σ
µνtL(R)W−µ Zν ,(61)
OWDbL(R) =
1
Λ
abw3L(R)W+µt¯L(R)DµbR(L) + 1
Λ
a∗bw3L(R)W−µDµbR(L)tL(R), (62)
OWDtR(L) =
1
Λ
aw3R(L)W−µb¯L(R)DµtR(L) + 1
Λ
a∗w3R(L)W+µDµtR(L)bL(R), (63)
OσDWL(R) =
1
Λ
aw2L(R)t¯L(R)σ
µνbR(L)DµW+ν +
1
Λ
a∗w2L(R)b¯R(L)σ
µνtL(R)D
†
µW−ν ,(64)
OgDWL(R) =
1
Λ
aw4L(R)t¯L(R)bR(L)DµW+µ + 1
Λ
a∗w4L(R)b¯R(L)tL(R)D
†
µW−µ. (65)
In this case, if a is real (a = a∗) then OgWZL(R) and OσDWL(R) are both CP even, but
OσWZL(R), OWDbL(R), OWDtR(L) and OgDWL(R) are odd. Just the other way around if
a is purely imaginary [cf. Table 1].
The dimension five Lagrangian L(5) is simply the sum of all these 19 operators (
Eqs. (53) to (65) ), i.e.
L(5) = ∑
i=1,19
Oi (66)
For the purpose of this study; to estimate the possible effects on the production
rates of top quarks in high energy collisions, only the CP conserving parts, which
give imaginary vertices (as the SM ones), are relevant. This is because the amplitude
squared depends linearly on the CP even terms, but only quadratically on the CP
odd terms, and the no-Higgs SM (L(4)SM) interactions8 are CP even when ignoring the
CP-violating phase in the CKM quark mixing matrix.
However, this does not mean that we cannot probe the CP violating sector; as a
matter of fact, later on in the section of Numerical Results we will show one observable
that depends linearly on the CP odd coefficients. From now on, the appropriate CP
even part (either real or imaginary) is assumed for each coefficient . To simplify
notation we will use the same label; azz1 will stand for Re(azz1), awz2L(R) will stand for
Im(awz2L(R)), and so on. The only exception will be aA, whose real part is recognized
as proportional to the magnetic moment of the top quark, and will be denoted by
am. It is thus understood that all coefficients below are real numbers.
In conclusion, the dimension 5 Lagrangian consists of 19 independent operators
which are listed from Eq. (53) to Eq. (65). Their eigenvalues under the C, P
7 DµfR(L) stands for (DµfR(L))
†γ0; f¯R(L) stands for (fR(L))†γ0.
8Since in the unitary gauge L(4)SM reproduces the SM without the physical Higgs boson, we will
refer to it as the no-Higgs SM.
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and CP transformations are conveniently listed in Table 1. Operators with top and
bottom quarks (right hand side of the Table), which are given in terms of the chiral
components, are not eigenvectors of the C nor P transformations; therefore, only the
CP eigenvalues are given.
Since the top quark is heavy, its mass of the order of the weak scale, it is likely
that it will interact strongly with the Goldstone bosons which are equivalent to the
longitudinal weak gauge bosons in the high energy regime. In the rest of this paper,
we shall study how to probe these anomalous couplings from the production of top
quarks via the VLVL fusion process, where VL stands for the longitudinally polarized
W± or Z bosons.
Operator C P CP Operator CP
OgDZ it¯γ5t∂µZµ − − + OgDWL(R) it¯L(R)bR(L)DµW+µ + h.c. +
t¯t∂µZµ − + − t¯L(R)bR(L)DµW+µ + h.c. −
OσDZ t¯σµνt∂µZν + + + OσDWL(R) t¯L(R)σµνbR(L)DµW+ν + h.c. +
it¯σµνγ5t∂µZν + − − it¯L(R)σµνbR(L)DµW+ν + h.c. −
OZDf it¯DµtZµ + + + OWDtR(L) iW−µb¯L(R)DµtR(L) + h.c. +
t¯γ5DµtZµ + − − W−µb¯L(R)DµtR(L) + h.c. −
OgZZ t¯tZµZµ + + + OWDbL(R) iW+µ t¯L(R)DµbR(L) + h.c. +
it¯γ5tZµZµ + − − W+µt¯L(R)DµbR(L) + h.c. −
OgWW t¯tW+µW−µ + + + OgWZL(R) t¯L(R)bR(L)W+µ Zµ + h.c. +
it¯γ5tW+µW−µ + − − it¯L(R)bR(L)W+µ Zµ + h.c. −
OσWW it¯σµνtW+µW−ν + + + OσWZL(R) it¯L(R)σµνbR(L)W+µ Zν + h.c. +
t¯σµνγ5tW+µW−ν + − − t¯L(R)σµνbR(L)W+µ Zν + h.c. −
OA t¯σµνtAµν + + + − −
it¯σµνγ5tAµν + − −
Table 1: The C, P and CP eigenvalues of all the dimension 5 operators.
5 Probing the anomalous couplings
In the following sections, we shall study the production rates of tt¯ (tb¯ or bt¯) from
W+L W
−
L or ZLZL (W
+
L ZL or W
−
L ZL) fusion processes in the TeV regime for both the
LHC and the LC.
Before giving our analytical results (summarized in Appendices B and C), we
shall estimate the expected sizes of these tree level amplitudes according to their high
energy behavior. A general power counting rule has been given that estimates the
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Figure 1: Production of tt¯ (tb¯ or bt¯) from the VLVL fusion process.
high energy behavior of any amplitude T [31] as:
T = cTv
DT
(
v
Λ
)NO (E
v
)DE0 ( E
4πv
)DEL (MW
E
)ev
H (ln(E/µ)) (67)
DE0 = 2 +
∑
n
Vn(dn + 1
2
fn − 2) , DEL = 2L ,
where DT = 4 − e = 0 (e is the number of external lines, 4 in our case), NO = 0 for
all dimension 4 operators and NO = 1 for all dimension 5 operators based upon the
naive dimensional analysis (NDA) [25],9 L = 0 is the number of loops in the diagrams,
H (ln(E/µ)) = 1 comes from the loop terms (none in our case), ev accounts for any
external vµ-lines (none in our case of VLVL → tt, tb),10 Vn is the number of vertices of
type n that contain dn derivatives and fn fermionic lines. The dimensionless coefficient
cT contains possible powers of gauge couplings (g, g
′) and Yukawa couplings (yf) from
the vertices of the amplitude T , which can be directly counted.
One important remark about the above formula is that it cannot be directly
applied to diagrams with external longitudinal VL lines. As explained in Ref. [31],
a significant part of the high energy behavior from diagrams with external VL lines
is cancelled when one adds all the relevant Feynman diagrams of the process; this
is just a consequence of the gauge symmetry of the Lagrangian. To correctly apply
Eq. (67), one has to make use of the Equivalence Theorem, and write down the
relevant diagrams with the corresponding would-be Goldstone bosons. Then, the
true high energy behavior will be given by the leading diagram. (If there is more
than one leading diagram, there could be additional cancellations).
Let us analyze the high energy behavior of the ZLZL → tt¯ process in the context
of the dimension 4 couplings L(4), as defined in Eq. 33. In Fig. 2 we show the
9 NDA counts Σ as Λ0, Dµ as
1
Λ , and fermion fields as
1
v
√
Λ
. Hence, W±, Z and A are also
counted as 1Λ . After this counting, one should multiply the result by v
2Λ2. Notice that up to the
order of intent, the kinetic term of the gauge boson fields and the mass term of the fermion fields
are two exceptions to the NDA, and are of order Λ0.
10 vµ is equal to ǫ
(0)
µ − kµMV , where kµ is the momentum of the gauge boson with mass MV and
ǫ
(0)
µ is its longitudinal polarization vector.
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( a ) ( b ) ( c )
Figure 2: The corresponding Goldstone boson diagrams for ZLZL → tt¯, i.e. φ0φ0 →
tt.
corresponding Goldstone boson diagrams, i.e. φ0φ0 → tt¯. The φ0-t-t vertex contains
a derivative that comes from the expansion of the composite fields [cf. Eq. (19)], and
the associated (dn +
1
2
fn − 2) factor is dn + 12fn − 2 = 1 + 122 − 2 = 0. This means
DE0 = 2 for diagrams 2(a) and 2(b); both grow as E
2 at high energies. The four point
vertex for diagram 2(c) can come from the mass term of the top quark or the second
order terms from the expansion of Zµ in the effective Lagrangian. The φ0-φ0-t-t vertex
that comes from the mass term mttt does not contain any derivatives, hence the high
energy behavior from this term goes like E1. The vertex that comes from the second
order expansion of a term like tγµtZµ contains one derivative, and the corresponding
amplitude 2(c) grows as E2 in the high energy region. The conclusion is that diagram
2(c) behaves like E2 as well. Seeing that there is more than one leading diagram we
can suspect that there may be additional cancellations. How can we then obtain the
correct high energy behavior for the Goldstone boson scattering amplitudes?
To answer this question let us use an alternative non-linear parametrization that
is equivalent to L(4)SM (Eq. (33) with the κ’s equal zero), in the sense that it produces
the exact same matrix elements [8], but with the advantage that the couplings of the
fermions with the Goldstone bosons do not contain derivatives. We can rewrite the
sum of LB [cf. Eq. (23)] and L(4)SM as:
LSM ≡ L(4)SM + LB = ΨLiγµDLµΨL +ΨRiγµDRµΨR −
(
ΨLΣMΨR + h.c.
)
−1
4
W aµνW
aµν − 1
4
BµνB
µν +
v2
4
Tr
(
DµΣ
†DµΣ
)
, (68)
M =
(
mt 0
0 mb
)
,
DLµ = ∂µ − ig
τa
2
W aµ − ig ′
Y
2
Bµ ,
DRµ = ∂µ − ig ′QfBµ .
Here, Y = 1
3
is the hypercharge quantum number for the quark doublet, Qf is the
electric charge of the fermion, ΨL is the linearly realized left handed quark doublet,
and ΨR is the right handed singlet for top or bottom quarks [cf. Eqs. (30) and (32)].
As we shall see shortly, in the context of this Lagrangian there is one (and only
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one) diagram with the leading high energy power. Hence, we do not expect any
cancellations among diagrams and it is possible to correctly predict the high energy
behavior of the scattering amplitude. Here is how it works: When we expand the Σ
matrix field up to the second power [cf. Eq. (1)] in the fermion mass term of Eq. (68),
we will notice two things: (i) the first power term gives to the vertex φ3-t-t, and
associates the coefficient cT = mt/v to it; (ii) the second power term generates the
four-point vertex [cf. Fig. 2(c)] with a coefficient cT = m
2
t/v
2 associated to it. As it
is well known, a tt = tRtL + tLtR term always involves a chirality flip, therefore we
readily recognize that this four-point diagram will only participate when the chiralities
of the top and anti-top are different. As E ≫ mt, different chiralities imply equal
helicities for the fermion-antifermion pair. Hence, for the case of opposite helicities
we only count the power dependance for diagrams 2(a) and 2(b), and take the highest
one. For final state fermions of equal helicities we consider all three diagrams.
The results are the following: for diagrams 2(a) and 2(b) we have DE0 = 2 +
(−1) + (−1) = 0 , thus the amplitude T±∓ is of order m2t/v2 (if there are no addi-
tional cancellations); which is the contribution given by the coefficients cT from both
vertices. On the other hand, diagram 2(c) has DE0 = 2 − 1 = 1; the equal helicities
amplitude T±± will be driven by this dominant diagram, therefore T±± = mtE/v2.
For the other processes; W+LW
−
L → tt¯ and W+L ZL → tb¯, the analysis is the same,
except that there is an extra s-channel diagram [cf. Figs. 4 and 5] whose high
energy behavior is similar to the diagrams 2(a) and 2(b). Also, for the amplitude of
W+L ZL → tb¯ no four-point diagram 2(c) is generated; this means that its high energy
behavior can at most be of order m2t/v
2 as given by diagrams 2(a) and 2(b).
In conclusion, in order to estimate the high energy behavior of the VLVL → tt¯ , tb¯
process, one has to write down the relevant diagrams for φφ→ tt¯ , tb¯ and then apply
the power counting formula given in Eq. (67). If more than one diagram have the
same leading power in E then one can suspect possible additional cancellations. This
is the case for the dimension 4 non-linear chiral Lagrangian L(4)SM (Eq. (33) with κ’s
equal to zero), for which all three diagrams 2(a), (b) and (c) grow as E2 at high
energies. Another gauge invariant Lagrangian for L(4)SM + LB is given in Eq. (68)
which gives the same matrix elements for any physical process, but does not have the
problem of possible cancellations among the Goldstone boson diagrams. With this
Lagrangian the power counting formula predicts a leading E1 behavior for φ0φ0 → tt¯
or φ+φ− → tt¯ (which originates from the four-point couplings that contributing to
the diagram 2(c)), but only E0 power for φ±φ0 → tb¯ or bt¯ (which does not have the
diagram similar to 2(c)). This is verified in Appendix B.
Notice that, in general, if the dimension 4 anomalous couplings κ’s are not zero,
then there is no reason to expect any cancellations among the Goldstone boson dia-
grams. As a matter of fact, the calculated leading contributions from these coefficients
are of order E2 and not E1 [cf. Appendix B].11
11This is related to the fact that non-zero anomalous κ terms break the linearly realized SU(2)L×
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For the dimension 5 anomalous operators we do not suspect a priori any can-
cellations at high E among Goldstone boson diagrams, therefore we expect the
parametrization used for our effective operators to reflect the correct high energy
behavior. Actually, the chiral Lagrangian parametrization given by Eq. (34), which
organizes the new physics effects in the momentum expansion, is the only framework
that allows the existence of such dimension 5 gauge invariant operators. On the
other hand, we know that as far as the no-Higgs SM contribution to these anomalous
amplitudes is concerned, the correct high energy behavior is given by the equivalent
parametrization of Eq. (68). We will therefore use the appropriate couplings from
LSM and L(5) in our next power counting analysis. Also, we are neglecting contribu-
tions of order 1/Λ2, which means that in diagrams 2(a) and 2(b) only one vertex is
anomalous.
Given one dimension 5 operator, it either involves two boson fields (four-point
operator), or one boson field and one derivative (three-point operator). Let us discuss
four-point (4-pt) operators first.
There are three kinds of 4-pt operators: OZZ , OWW and OWZ . Each of them
contributes to the ZLZL, W
+
LW
−
L and W
+
L ZL fusion processes separately. After ex-
panding the composite boson fields Z and W± [cf. Eqs. (19) and (20)], we find that
the terms 4
v2
∂µφ
3∂νφ
3, 4
v2
∂µφ
+∂νφ
− and 4
v2
∂µφ
+∂νφ
3 will contribute to a diagram
of type 2(c) in each case. Therefore, in the power counting formula (67), dn = 2,
cT = 4aO and DE0 = 2 + (2 + 1− 2) = 3, which means that
T ∼ 4aO v
Λ
(
E
v
)3
(69)
for all these 4-pt operators.
Let us discuss the case of 3-pt operators by considering one operator in particular:
OZDf . This analysis will automatically apply to all the other six 3-pt; three with the
neutral Zµ boson, OZDf , OgDZ and OσDZ ; and three with the charged Wµ boson,
OWDt, OgDW and OσDW . Using the expansions of the composite fields we obtain:
az3it¯∂µtZµ = − g
cw
az3iψt∂µψtZ
µ +
2i
v
az3
[
ψt∂µψt∂
µφ3 (70)
−ψtγ5∂µψtφ3∂µφ3 − ψtR∂µψbLφ+∂µφ3 + ψt∂µψt(φ−∂µφ+ − φ+∂µφ−)
]
+ · · ·
Where ψt (ψb) denotes the usual linearly realized top (bottom) quark field. There are
more terms in Eq. (70) that participate in the Goldstone boson diagrams of interest,
but the ones shown are sufficient for our discussion. Notice that the first two terms
on the right hand side of Eq. (70) contribute to 3-pt vertices, the first one is for
the coupling of the top quark with the usual vector boson field (the only non-zero
U(1)Y gauge symmetry in the interaction part of Eq. (68). Notice that the κ terms respect this
gauge symmetry only non-linearly.
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term in the unitary gauge); the second one represents the vertex of OZDf that enters
in diagrams 2(a) and 2(b) for φ3φ3 → tt, or in a u-channel diagram like 2(b) for
φ+φ3 → tb. The rest of the expansion contains vertices with two or more boson
fields. In Eq. (70), we also show some of the 4-pt vertices generated by OZDf , which
dominate the contribution of this operator to the VLVL fusion processes in the high
energy regime. The last term, ψt∂µψt(φ
−∂µφ+ − φ+∂µφ−), comes from the second
order term in the expansion of Zµ [cf. Eq. (19)], and is responsible for the high energy
behavior of the s-channel diagram forW+L W
−
L → tt [cf. Fig. 4]. We can infer that the
other two 3-pt operators with the Zµ field can also contribute to all the VLVL fusion
processes. However, because of the relation ǫµp
µ = 0 for the on-shell external boson
lines, the contributions of OgDZ and OσDZ vanish for ZLZL → tt and WLZL → tb.
Notice that the expansion for W±µ in Eq. (20) does not contain any term with φ3
alone; hence, no operator with the fieldW±µ can participate in the process ZLZL → tt
at tree level. Except for this, the analysis on OZDf applies equally to the operators
withW±µ . However, the contributions ofOgDW andOσDW on the processW+L W−L → tt
vanish because of the relation ǫµp
µ = 0 for the on-shell external boson lines.
The analysis on the high energy behavior of the contributions from OZDf to the
scattering process ZLZL → tt is similar to the previous one for the no-Higgs SM, in
which we observed a distinction between the T±∓ and T±± amplitudes. The anomalous
vertices generated by this operator contain two derivatives, thus (dn +
1
2
fn − 2) = 1.
Then, DE0 = 2 + 1 + (−1) = 2 for the first two diagrams 2(a) and 2(b), and T±∓ is
of expected to be of order
T±∓ ∼ 2aOmt
v
v
Λ
(
E
v
)2
.
On the other hand, diagram 2(c) comes from the first 4-pt term in Eq. (70). Thus,
we have (dn +
1
2
fn − 2) = 1, DE0 = 2 + 1 = 3, and the predicted value for T±± is
T±± ∼ 2aO v
Λ
(
E
v
)3
.
Comparing with the estimate for 4-pt operators [cf. Eq. (69)] we can observe that the
only difference is in the coefficient cT associated to them; for the three-point operator
(70) cT = 2aO, and for a four-point operator is twice as much.
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Other possible contributions that vanish have to do with the fact that sometimes
an amplitude can be zero from the product of two different helicities of spinors. For
instance, by performing the calculation of the amplitudes in the CM frame we can
easily verify that the spinor product u[λ = ±1]v[λ = ∓1] vanishes for all tt, tb and
bt processes.13 This means that contributions from operators of the scalar-type, like
12 This difference in cT may be related to the fact that four-point operators tend to give a bigger
contribution to the helicity amplitudes [cf. Eqs. (82) and (83), for example].
13u[λ = +1] denotes the spinor of a quark with right handed helicity.
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OgWZL(R), OgZZ , OgWW, OZDf , and OWDtR(L) will vanish for T±∓ amplitudes in the
s-channel and the four-point diagrams.
Furthermore, the relation ǫµp
µ = 0 applies to all the external on-shell boson lines;
this makes the contribution of operators with derivative on boson, such as OgDZ (our
third case) and OgDWL(R), to vanish in the t- and u-channel diagrams. In principle,
one would think that the exception could be the s-channel diagram. Actually, this is
the case for the operator OgDWL(R) which contributes significantly to the single top
production process W+L ZL → tb¯ via the s-channel diagram [cf. Table 4]. However,
for the OgDZ operator even this diagram vanishes; as can be easily verified by noting
that the Lorentz contraction between the boson propagator −gµν + kµkν/M2Z and the
tri-boson coupling is identically zero in the process W+LW
−
L → tt¯. Therefore, for the
OgDZ operator all the possible diagrams vanish.
In Tables 2, 3, and 4 we show the leading contributions (in powers of the CM
energy E) of all the operators for each different process; those cells with a dash mean
that no anomalous vertex generated by that operator intervenes in the given process,
and those cells with a zero mean that the anomalous vertex intervenes in the process
but the amplitude vanishes for any of the reasons explained above.
Process L(4)SM OgZZ OgWW OσWW OgWZL(R) OσWZL(R)
azz1× aww1× aww2× awz1L(R)× awz2L(R)×
ZLZL → tt¯ mtE/v2 E3/v2Λ − − − −
W+L W
−
L → tt¯ mtE/v2 − E3/v2Λ E3/v2Λ − −
W+L ZL → tb m2t/v2 − − − E3/v2Λ E3/v2Λ
Table 2: The leading high energy terms for the 4-point operators.
Process L(4)SM OZDf OWDtR OWDtL
az3× aw3R× aw3L×
ZLZL → tt¯ mtE/v2 E3/v2Λ − −
W+LW
−
L → tt¯ mtE/v2 E3/v2Λ E3/v2Λ mbE2/v2Λ→ 0
W+L ZL → tb m2t/v2 E3/v2Λ E3/v2Λ E3/v2Λ
Table 3: The leading high energy terms for the operators with derivative-on-fermion.
In conclusion, based on the NDA [25] and the power counting rule [31], we have
found that the leading high energy behavior in the VLVL → tt or tb scattering am-
plitudes from the no-Higgs SM operators (L(4)SM) can only grow as mtEv2 (for T++ or
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Process L(4)SM OgDZ OgDWL(R) OσDZ OσDWL(R) OA
az4× aw4× az2× aw2× am×
ZLZL → tt¯ mtE/v2 0 − 0 − −
W+LW
−
L → tt¯ mtE/v2 0 0 E3/v2Λ 0 E3/v2Λ
W+L ZL → tb m2t/v2 0 E3/v2Λ 0 E3/v2Λ −
Table 4: The leading high energy terms for the operators with derivative-on-boson.
T−−; E is the CM energy of the top quark system), whereas the contribution from the
dimension 5 operators (L(5)) can grow as E3
v2Λ
in the high energy regime. Let us com-
pare the above results with those of the VLVL → VLVL scattering processes. For these
VLVL → VLVL amplitudes the leading behavior at the lowest order gives E2v2 , and the
contribution from the next-to-leading order (NLO) bosonic operators gives E
2
Λ2
E2
v2
[31].
This indicates that the NLO contribution is down by a factor of E
2
Λ2
in VLVL → VLVL.
On the other hand, the NLO fermionic contribution in VLVL → tt or tb is only down
by a factor E
2
mtΛ
which compared to E
2
Λ2
turns out to be bigger by a factor of Λ
mt
∼ 4√2π
for Λ ∼ 4πv.14 Hence, we expect that the NLO contributions in the VLVL → tt or tb
processes can be better measured (by about a factor of 10) than the VLVL → VLVL
counterparts for some class of electroweak symmetry breaking models in which the
NDA gives reasonable estimates of the coefficients.
As will be shown later, the coefficients of the NLO fermionic operators in L(5) can
be determined via top quark production to an order of 10−2 or 10−1. In contrast, the
coefficients of the NLO bosonic operators are usually determined to about an order
of 10−1 or 1 [21, 24] via VLVL → VLVL processes. Therefore, we conclude that the
top quark production via longitudinal gauge boson fusion VLVL → tt, tb, or bt at high
energy may be a better probe, for some classes of symmetry breaking mechanisms,
than the scattering of longitudinal gauge bosons, i.e. VLVL → VLVL.
In the following section we shall study the production rates of tt pairs and single-t
or single-t events at future colliders like LHC and LC. We will also estimate how
precisely these NLO fermionic operators can be measured via the VLVL → tt, tb, or bt
processes. To reduce the number of independent parameters for our discussion, we
shall assume an approximate custodial SU(2) symmetry, so that the set of 19 inde-
pendent coefficients will be reduced to 6 and given by azz1, az2, az3, az4, aww2, and
am. However, for completeness we also give the leading high energy contributions of
the helicity amplitudes for ZLZL → tt, W−L W+L → tt, W+L ZL → tb and W−L ZL → bt
in Appendices B and C.
14 For an energy E of about Λ/4 or more this factor E
2
mtΛ
= M
(5)
M(4)
is actually greater than one.
M (4) and M (5) are the LO and NLO amplitudes, respectively.
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6 Underlying custodial symmetry
Here, we shall consider a special class of models of symmetry breaking for which
an approximate underlying custodial symmetry [32] is assumed as suggested by the
low energy data [4].
In addition to the gauge symmetry, the SM has an approximate global symmetry
called the custodial symmetry which is responsible for the tree-level relation ρ ≃ 1
[cf. Eq. (4)]. Actually, this symmetry is broken by the hypercharge (g ′) and the mass
splitting (mt 6= mb), but only slightly, so that ρ remains about one at the one loop
level. After turning off the hypercharge coupling (i.e. set sw = 0), one can easily
verify that the global SU(2)L × SU(2)R symmetry is satisfied for the dimension 4
Lagrangian L(4)SM .15 The fermion-gauge boson interactions are described by
L(4custodial) = FLγµ
(
i∂µ − 1
2
Waµτa
)
FL , (71)
with the left handed doublet
FL =
(
f1
f2
)
L
(72)
defined in Eq. (30).
Notice that the only SU(2) structure that satisfies the custodial symmetry is the
one given above. If we want to introduce an anomalous interaction that satisfies this
symmetry, we must conform to this structure. For example, let us consider the case
of the operators with derivative on boson OgDZ and OgDWL(R), then we write:16
κFLg
µν∂µWaν τaFR + h.c. = κFLgµν
(
∂µW3ν
√
2∂µW+ν√
2∂µW−ν − ∂µW3ν
)
FR + h.c. . (73)
As we can see, if we want our dimension 5 terms to obey this global SU(2)L ×
SU(2)R symmetry, we have to introduce the same anomalous interactions of the top
quark to the much lighter bottom quark. Let us consider the case of an underlying
global SU(2)L × SU(2)R symmetry that is broken in such a way as to account for a
negligible deviation of the b-b-Z vertex from its standard form. Since the top quark
acquires a mass much heavier than the other quarks’ masses, we expect the new
physics effects associated with the electroweak symmetry breaking (EWSB) sector to
be substantially greater for the couplings (to the gauge bosons) of this quark than for
the couplings of all the others (including the bottom quark). Therefore, it is probable
that the underlying theory of particle physics respects the custodial symmetry, and
the EWSB mechanism introduces an effective interaction that explicitly breaks this
15 To verify this, we just need to use the transformation rules Σ→ Σ′ = LΣR† and FL → F ′L =
RFL, where L and R are group elements of the global SU(2)L and SU(2)R symmetries, respectively.
16 For the purpose of this discussion we can replace Dµ by ∂µ.
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symmetry in such a way as to favor the deviation of the couplings of the top quark
more than the deviation of the other light quarks’ couplings.
By adding the two possible breaking terms to this operator,17 we obtain the ef-
fective dimension 5 Lagrangian as:
L(5deriv) = κFLgµν∂µWaν τaFR + κ1FLgµντ 3∂µWaν τaFR + κ2FLgµν∂µWaν τaτ 3FR
+ h.c. (74)
= FLg
µν
(
(κ+ κ1 + κ2)∂µW3ν
√
2(κ + κ1 − κ2)∂µW+ν√
2(κ− κ1 + κ2)∂µW−ν (−κ + κ1 + κ2)∂µW3ν
)
FR + h.c. ,
where, in order to obtain a vanishing b-b-Z coupling, we require
κ = κ1 + κ2 . (75)
Also, to simplify the discussion we assume κ1 = κ2, and the conclusion is that in
order to keep the couplings b-b-Z unaltered we have to impose the condition
az(2,3,4) =
√
2aw(2,3,4)L(R) (76)
to all the operators with derivatives.
The case for 4-point operators (contact terms) is somewhat different. The custo-
dial Lagrangian in this case is of the form:
L(5custod) = κ4pt.1g FLgµνWaµτaWbντ bFR + κ4pt.1σ FLσµνWaµτaWbντ bFR
= κ4pt.1g FL
( W3µWµ3 + 2W+µWµ− 0
0 W3µWµ3 + 2W+µWµ−
)
FR
+κ4pt.1σ FLσ
µν
(
2σµνW+µW−ν 0
0 2σµνW+µW−ν
)
FR , (77)
and for the breaking terms we can consider:
L(5contact) = ∑
c=g,σ
cµν
(
κ4pt.2c FRτ
3WaµτaWbντ bFL + κ4pt.†2c FLWaµτaWbντ bτ 3FR
+ κ4pt.3c FWaµτaτ 3Wbντ bF
)
, (78)
where κ4pt.2c is complex and κ
4pt.
3c is real. As it turns out, in order to set the anomalous
couplings of the bottom quark equal to zero, we have to choose κ4pt.3c = 0, and κ
4pt.
2c
real and half the size of κ4pt.1c (i.e. κ
4pt.
1c = 2κ
4pt.
2c for c = g, σ). The non-standard
4-point dimension 5 interactions will then have the structure(
cµνW3µW3ν + 2cµνW+µW−ν 0
0 0
)
(79)
17 Another term could be FLg
µντ3∂µWaν τaτ3FR, which contains two symmetry breaking factors
τ3 and will not be considered in this work.
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where cµν is either gµν or σµν . This structure suggests 2azz1 = aww1, and awz1L(R) =
awz2L(R) = 0 for c
µν equal to gµν . For cµν equal to σµν , it suggests that aww2 can be
of any value.
In conclusion, by assuming the dimension 5 operators are the result of an un-
derlying custodial symmetric theory that is broken in such a way that at tree level
the Z-b-b coupling does not get modified from its SM values, we derive the following
relations among the coefficients of these anomalous couplings. They are:
az(2,3,4) =
√
2aw(2,3,4)L(R) ,
2azz1 = aww1 , (80)
awz1L(R) = awz2L(R) = 0 .
After including the hypercharge interactions, we can see that the set of independent
coefficients has reduced from a total of 19 down to 6 only. These coefficients are
az(2,3,4), azz1,aww2 and am (for the operator OA).
7 Amplitudes for ZLZL, WLWL, and WLZL fusion
processes
Below, we present the helicity amplitudes for each VLVL fusion process. We shall
only consider the leading contributions in powers of E, the CM energy of the VLVL
system, coming from both the no-Higgs SM (i.e. L(4)SM) and the dimension 5 operators.
For the latter, we assume an approximate SU(2) custodial symmetry, as discussed in
the previous section, so that only 6 independent coefficients are relevant to our dis-
cussion. For completeness, in Appendices B and C we provide the helicity amplitudes
for the general case (without assuming a custodial symmetry).
7.1 ZLZL → tt¯
Fig. 3 shows the diagrams associated to this process. The total amplitude T is
the sum of the L(4)SM contribution (denoted by zz), and the L(5) contribution (denoted
by azz). In diagrams with two vertices, only one anomalous vertex is considered at
a time, i.e. we neglect contributions suppressed by 1/Λ2. We denote the helicity
amplitudes by the helicities of the outgoing fermions: the first (second) symbol (+
or −) refers to the fermion on top (bottom) part of the diagram. A right handed
fermion is labelled by ’+’, and a left handed fermion by ’−’. For instance,
Tzz++ = zz++ + azz++ , (81)
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Figure 3: Diagrams for the ZZ → tt¯ process.
where zz++ is the L(4)SM contribution, and azz++ is the anomalous contribution to the
helicity amplitude T (ZLZL → tRight−handed t¯Right−handed). The same notation is used
for the other two processes.
The leading contributions to the ZLZL → tt¯ helicity amplitudes are:
Tzz++ = −Tzz−− = mt E
v2
− 2E
3
v2
X
Λ
,
Tzz+− = Tzz−+ =
2 m2t cθsθ(
4c2
θ
m2t
E2
+ s2θ
)
v2
+ 0 , (82)
where
X = azz1 +
(
1
2
− 4
3
s2w
)
az3 , (83)
and E =
√
s is the CM energy of the VLVL system.
Comparing with the results for W+L W
−
L and W
+
L ZL fusions, this is the amplitude
that takes the simplest form with no angular dependance. Also, for this process the
assumption of an underlying custodial symmetry does not make the anomalous con-
tribution any different from the most general expression given in Appendix C. This
means that new physics effects coming through this process can only modify the S-
partial wave amplitude (at the leading order of E3). Notice that at this point it is
impossible to distinguish the effect of the coefficient azz1 from the effect of the coeffi-
cient az3. However, in the next section we will show how to combine this information
with the results of the other processes, and obtain bounds for each coefficient. The
reason why azz±∓ appear as zero is explained in Appendix C.
7.2 W+LW
−
L → tt¯
The amplitudes of this process are similar to the ones of the previous process except
for the presence of two s-channel diagrams (see Fig. 4), whose off-shell γ and Z
propagators allow for the additional contribution from the magnetic moment of the
top quark (am) and the operator with derivative on boson OσDZ (az2 ). Since these
two operators are not of the scalar-type, we have a non-zero contribution to the
T±∓ amplitudes. Throughout this paper, the angle of scattering θ in all processes is
defined to be the one subtended between the incoming gauge boson that appears on
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Figure 4: Diagrams for the WW → tt¯ process.
the top-left part of the Feynman diagram (W+ in this case) and the momentum of
the outgoing fermion appearing on the top-right part of the same diagram (t in this
case); all in the CM frame of the VLVL pair.
The leading contributions to the various helicity amplitudes for this process are:
Tww++ = −Tww−− = mtE
v2
− 4E
3
v2
(X1 +Xmcθ)
Λ
,
Tww+− =
2m2t sθ(
2mb2
E2
+ (1− cθ)
(
1− 2m2t
E2
))
v2
+
8E2
v2
mtsθ
(
Xm − 14az3
)
Λ
,
Tww−+ = 0 +
8E2
v2
mtsθ
Xm − 18az3
Λ
, (84)
where sθ = sin θ, cθ = cos θ, and
X1 = azz1 +
1
8
az3 ,
Xm = am − 1
2
az2 +
1
8
az3 +
1
2
aww2 . (85)
Notice that the angular distribution of the leading contributions in the T±± am-
plitudes consists of the flat component (S-wave) and the d10,0 = cos θ component
(P-wave). The T±∓ helicity amplitudes only contain the d10,±1 = − sin θ√2 compo-
nent. This is so because the initial state consists of longitudinal gauge bosons
and has zero helicity. The final state is a fermion pair so that the helicity of
this state can be −1, 0, or +1. Therefore, in high energy scatterings, the anoma-
lous dimension 5 operators only modify (at the leading orders E3 and E2 ) the
S- and P-partial waves of the scattering amplitudes. We also note that, as ex-
pected from the discussion in section 5, aww±± has an E3 leading behavior, whereas
aww±∓ goes like E2. Furthermore, the L(4)SM amplitudes are of order mtE/v2 for
ww±±, and m2t/v
2 for ww+−. (ww−+ is proportional to m2b/v
2 and is taken as
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Figure 5: Diagrams for the WZ → tb¯ process.
zero.) To calculate the event rate, we need to sum over four helicity amplitudes
squared, and | T±±,±∓|2 = ww2±±,±∓ + 2ww±±,±∓ aww±±,±∓ + O(1/Λ2). Because
| ww±∓ aww±∓| ∼ m
2
t
E2
| ww±± aww±±|, the amplitude squared | T±∓|2 is only a few
percent of the value of | T±±|2 for E ∼ 1 TeV. Thus, | T±∓|2 will not contribute
largely to the total event rate, provided the coefficients of the dimension 5 operators
are of order one.
7.3 W+L ZL → tb¯
Finally, we have the amplitudes for the single-top quark production process W+Z →
tb¯ (which are just the same as for the conjugate process W−Z → bt¯). Fig. 5 shows
the diagrams that participate in this process.
The leading contributions to the various helicity amplitudes for this are:18
Twzt++ = −
√
2m3t (1− cθ)
E
(
1− 2m2t
E2
) (
1 + cθ +
2m2t
E2
)
v2
−
√
2E3
4v2
(X2 + cθX3)
Λ
,
Twzt−− = 0 −
√
2E3
4v2
(
(4s2waz4 +
2
3
s2w − 1) + (az3 − 4c2waz2)cθ
)
Λ
,
Twzt+− = 0 +
√
2E 2
4v2
mtsθ
(az3 + 4c
2
waz2)
Λ
,
Twzt−+ = −
√
2m2t sθ(
1− 2m2t
E2
) (
1 + cθ +
2m2t
E2
)
v2
− 3
√
2E2
4v2
mtsθ
X4
Λ
, (86)
where
X2 = (1 +
2
3
s2w)az3 − 4s2waz4 ,
18As shown in Eq. (80), for models with this approximate custodial symmetry, awz1L(R) =
awz2L(R) = 0, so that the 4-point vertex diagram of Fig. 5(d) gives no contribution.
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X3 = az3 + 4c
2
waz2 ,
X4 = az3 − 4
3
c2waz2 . (87)
The anomalous amplitudes awzt−− and awzt+− can be ignored in our analysis.
The reason is because the L(4) amplitudes wzt−− and wzt+− are zero, which means
that, when we consider the total helicity amplitudes squared, they turn out to be
of order 1/Λ2. This is why only awzt++ and awzt−+ are presented in terms of the
parameters X2, X3 and X4, each parameter associated to a different partial wave.
8 Numerical Results
8.1 Top quark production rates from VLVL fusions
As discussed above, the top quark productions from VLVL fusion processes can be
more sensitive to the electroweak symmetry breaking sector than the longitudinal
gauge boson productions from VLVL fusions. In this section we shall examine the
possible increase (or decrease) of the top quark event rates, due to the anomalous
dimension 5 couplings, at the future hadron collider LHC (a pp collider with
√
s = 14
TeV and 100 fb−1 of integrated luminosity) and the electron linear collider LC (an
e−e+ collider with
√
s = 1.5 TeV and 200 fb−1 of integrated luminosity).
To simplify our discussion, we shall assume an approximate custodial symmetry
and make use of the helicity amplitudes given in the previous section to compute
the production rates for tt pairs and for single-t or t quarks. We shall adopt the
effective-W approximation method [9, 33], and use the CTEQ3L [34] parton distri-
bution function with the factorization scale chosen to be the mass of the W -boson.
For this study we do not intend to do a detailed Monte Carlo simulation for the
detection of the top quark; therefore, we shall only impose a minimal set of cuts on
the produced t or b. The rapidity of t or b produced from the VLVL fusion process
is required to be within 2 (i.e. |yt,b| ≤ 2) and the transverse momentum of t or b is
required to be at least 20 GeV. To validate the effective-W approximation, we also
require the invariant mass MV V to be larger than 500 GeV.
Since we are working in the high energy regime E ≫ v, the approximation made
when we expand the VLVL → tt or tb scattering amplitudes in powers of E and keep
the leading terms only, becomes a very good one. As noted in the previous section, in
all the T±± amplitudes, the dimension 5 operators will only modify the constant term
(S-wave) and the cos θ (P-wave: d10,0) dependence in the angular distributions of the
leading E3 contributions, whereas all the T±∓ amplitudes have a sin θ (P-wave: d10,±1)
dependence in their leading E2 contributions. Each of the effective coefficients, X ,
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Figure 6: Number of events at the LHC for ZLZL fusion. The variable X is defined
in Eq. (83).
X1, Xm, X2, X3 and X4, parametrizes the contribution to one of the partial waves.
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Since contributions to different partial waves do not interfere with each other, we can
make a consistent analysis by taking only one coefficient non-zero at a time.
The predicted top quark event rates as a function of these coefficients are given
in Figs. 6, 7 and 8 for the LHC, and in Figs. 9, 10 and 11 for the LC. In these plots,
neither the branching ratio nor the detection efficiency have been included.
For X = 0, the LHC results show that there are in total about 1500 tt pair and
single-t or t events predicted by the no-Higgs SM. The W+L W
−
L fusion rate is about a
factor of 2 larger than the ZLZL fusion rate, and about an order of magnitude larger
than the W+L ZL fusion rate. The W
−
L ZL rate, which is not shown here, is about a
factor of 3 smaller than the W+L ZL rate due to smaller parton luminosities at a pp
collider. It will be challenging to actually detect any signal from these channels at the
LHC due to the considerable amount of background in this hadron-hadron collision.
What we can learn from Fig. 7 is that, with a production of about 900 events and
the large slope of the W+LW
−
L → tt curve, this process might be able to probe the
anomalous coupling (X1).
For the LC, because of the small coupling of Z-e-e, the event rate for ZLZL → tt
is small. For the no-Higgs SM, the top quark event rate at LC is about half of that
at the LHC and yields a total of about 550 events (tt pairs and single-t or t). Again,
we find that the W+L W
−
L → tt rate is sensitive to the dimension 5 operators that
19In W+LW
−
L → tt, Xm contributes to both P-partial waves.
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Figure 7: Number of events at the LHC for W+L W
−
L fusion. The variable X stands
for the effective coefficients X1 and Xm defined in Eq. (85).
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Figure 8: Number of events at the LHC for W+L ZL fusion. The variable X stands
for the effective coefficients X2, X3 and X4 defined in Eq. (87).
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Figure 9: Number of events at the LC for ZLZL fusion. The variable X is defined
in Eq. (83).
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Figure 10: Number of events at the LC for W+L W
−
L fusion. The variable X stands
for the effective coefficients X1 and Xm defined in Eq. (85).
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Figure 11: Number of events at the LC for W+L ZL fusion. The variable X stands for
the effective coefficients X2, X3 and X4 defined in Eq. (87).
correspond to X1, but the ZLZL → tt rate is much less sensitive.20
The production rates shown in Figs. 9, 10 and 11 are for an unpolarized e− beam
at the LC. Because the coupling of the W boson to the electron is purely left handed,
the parton luminosity of theW boson will double for a left-handed polarized e− beam
at the LC; hence, the tt rate fromW+LW
−
L fusion will double too. However, this is not
true for the parton luminosity of Z because in this case the Z-e-e coupling is nearly
purely axial-vector (1 − 4s2w ≈ 0) and the production rate of ZLZL → tt does not
strongly depend on whether the electron beam is polarized or not. As shown in these
plots, if the anomalous dimension 5 operators can be of order 10−1 (as expected by
the naive dimensional analysis) then their effect can in principle be identified in the
measurement of either ZLZL orW
+
L W
−
L fusion rates at the LC.
21 A similar conclusion
holds for the W±L ZL fusion process, but with less sensitivity.
From the six independent coefficients, az(2,3,4), azz1, aww2 and am, one stands out:
azz1. The two most potentially significant parameters X and X1 depend essentially
on just this coefficient [cf. Eqs. (83) and (85)]. This suggests that a good test for
the possible models of EWSB is to calculate their predictions for the sizes of the
four point operators OgZZ and OgWW because these are more likely to produce a
measurable signal at either the LC or the LHC. The second better test could be the
magnetic moment am because this coefficient gives the largest contribution to Xm [cf.
Eq. (85)], and Figs. 7 and 10 show that this parameter can be measured as well.
20 Needless to say, the W−L ZL rate is the same as the W
+
L ZL rate at an unpolarized e
+e− LC
21 Specifically, for anomalous coefficients of order 10−1 there is a 2σ deviation from the no-Higgs
SM event rates.
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It is useful to ask for the bounds on the coefficients of the anomalous dimension 5
operators if the measured production rate at the LC is found to be in agreement with
the no-Higgs SM predictions (i.e. with X = 0). In order to simplify this analysis for
the parameter Xm, we have made the approximation aww+− ≃ 8E2v2 mtsθ XmΛ ; notice
that the anomalous contribution aww+− to the total amplitude squared is smaller by
a factor of m2t/E
2 than the contribution from aww±± [cf. end of section 7.2].
At the 95% C.L. we summarize the bounds on the X ’s in Table 5. Here, only
the statistical error is included. In practice, after including the branching ratios of
the relevant decay modes and the detection efficiency of the events, these bounds will
become somewhat weaker, but we do not expect an order of magnitude difference.
Also, these bounds shall be improved by carefully analyzing angular correlations when
data is available.
Process Bounds ( e+e− )
ZLZL → tt¯ −0.07 < X < 0.08
W+L W
−
L → tt¯ −0.03 < X1 < 0.035
W+L W
−
L → tt¯ −0.28 < Xm < 0.12
W
+(−)
L ZL → tb¯ (bt¯) −0.32 < X2 < 0.82
W
+(−)
L ZL → tb¯ (bt¯) −1.2 < X3 < 0.5
W
+(−)
L ZL → tb¯ (bt¯) −0.8 < X4 < 1.3
Table 5: The range of parameters for which the total number of events at the LC
deviates by less than 2σ from the no-Higgs SM prediction.
As shown in Table 5, these coefficients can be probed to about an order of 10−1 or
even 10−2. For this Table, we have only considered an unpolarized e− beam for the
LC. To obtain the bounds we have set all the anomalous coefficients to be zero except
the one of interest. This procedure is justified by the fact that at the leading orders of
E3 and E2, different coefficients contribute to different partial waves. (The definitions
of the combined coefficients X , X1, X2, X3 and X4 are given in the previous section.)
If the LC is operated at the e−e− mode with the same CM energy of the collider,
then it cannot be used to probe the effects for W+L W
−
L → tt¯, but it can improve
the bounds on the combined coefficients X4, X2 and X3, because the event rate will
increase by a factor of 2 for W−L ZL → bt production.
By combining the limits on these parameters we can find the corresponding limits
on the effective coefficients azz1, az2, az3, az4, and (am +
1
2
aww2 ). For example, if we
consider the limits for X3 and X4, we will find the limits for az2, az3. Then we can
compare the bounds on az3 and those on X1 to derive the constraints on azz1. Also,
the bounds on az3 and on X2 will give the constraints on az4. Finally, we use the
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bounds on az3, az2 and Xm to obtain constraints for (am +
1
2
aww2 ). Table 6 shows
these results.
Bounds on X parameters Bounds on anomalous coefficients
−1.2 < X3 < 0.5 −0.6 < az2 < 0.32
−0.8 < X4 < 1.3 −0.9 < az3 < 1.1
−.03 < X1 < .035 −0.17 < azz1 < 0.15
−0.32 < X2 < 0.82 −1.9 < az4 < 1.7
−.28 < Xm < .12 −0.7 < am + 12aww2 < 0.4
Table 6: The constraints on the anomalous coefficients obtained by the linear combi-
nation of the bounds on the X parameters.
Nevertheless, we can also follow the usual procedure of taking only one anomalous
coefficient as non-zero at a time. Under this approach the bounds become more
stringent:
− 0.3 < azz1 < 0.035 ,
−0.28 < am < 0.12 ,
−0.24 < az3 < 0.28 ,
−0.4 < az2 < 0.2 ,
−0.82 < aww2 < 0.32 ,
−0.56 < az4 < 0.24 . (88)
Again, these bounds come from the consideration of a 2σ deviation from the no-
Higgs SM event rates. For instance, at the LC, the no-Higgs SM predictions for the
processes ZLZL → tt and W+L W−L → tt are 60 and 400, respectively [cf. Figs. 9 and
10]. This means that a number of events between 75 and 45 for the first process, and
between 440 and 360 for the second one, is considered consistent with the no-Higgs
SM prediction at the 95% C.L.. Fig. 9 shows an interesting situation for ZLZL → tt,
if the parameter X happened to be between 0.75 and 0.90 then we would obtain a
number of events consistent with the no-Higgs SM. However, if this were the case,
then X1 would have to be at least of order 0.7 and we would observe a substantial
deviation (of about 600) in the number of events produced from W+L W
−
L → tt. This
also happens the other way around, if X1 is between 0.38 and 0.45, we would obtain
a production rate consistent with the no-Higgs SM for W+LW
−
L fusion [cf. Fig. 10],
but then X would be at least of order 0.3, and according to Fig. 9, we would observe
only 18 tt pairs from ZLZL fusion, too far from the 60± 15 range of the no-Higgs SM
prediction. Hence, all the production channels have to be measured to conclusively
test the SM and probe new physics.
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Figure 12: Number of tt events at the LC from W+L W
−
L fusion for different values of
the effective coefficient X1 as a function of the CM energy.
The above results are for the LC with a 1.5 TeV CM energy. To study the
possible new effects in the production rates of W+LW
−
L → tt¯ at the LC with different
CM energies, we plot the production rates for various values of X1 in Fig. 12. (Again,
X1 = 0 stands for the no-Higgs SM.) Notice that, if X1 were as large as −0.5, then a 1
TeV LC could well observe the anomalous rate via W+LW
−
L fusion.
22 For X1 = 0.25
the event rate at 1.5 TeV is down by about a factor of 2 from the SM event rate.23
8.2 CP violating effects
The complete set of anomalous dimension 5 operators listed in L(5) consists of oper-
ators with CP- conserving and non-conserving parts. In our study of the top quark
production rates we have only considered the CP-even part of these operators; their
contribution, like the one from the no-Higss SM at tree level, is real. However, a
CP-odd operator can contribute to the imaginary part of the helicity amplitudes, and
it can only be probed by examining CP-odd observables.
To illustrate this point, let us consider the CP-odd part of the four-point scalar
type operator OgWW and the electric dipole moment term of OA [cf. Eqs. (54) and
(59)]. After including contributions from the no-Higss SM and from the above two
CP-odd operators, the helicity amplitudes for theW+L W
−
L → tt¯ process in theW+LW−L
22If X1 is too big , partial wave unitarity can be violated at this order.
23For positive values of X1 the rate tends to diminish below the SM rate. However, near 0.25, the
rate begins to rise again, toward the SM rate.
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CM frame are:
T±± = ±mtE
v2
+ i2
E3
v2
(a˜ww1 + 2ad cθ)
Λ
,
T+− =
2m2t sθ(
m2
b
2E2
+ (1− cθ)
(
1− m2t
2E2
))
v2
, (89)
T−+ = 0 ,
where, by ad and a˜ww1, we refer to the imaginary part of the coefficients of OA and
OgWW , respectively.
One of the CP-odd observables that can measure ad and a˜ww1 is the transverse
polarization (P⊥) of the top quark, which is the degree of polarization of the top quark
in the direction perpendicular to the plane of the W+LW
−
L → tt¯ scattering process. It
was shown in Ref. [35] that
P⊥ =
2Im
(
T ∗++T−+ + T
∗
+−T−−
)
|ww++|2 + |ww+−|2 + |ww−+|2 + |ww−−|2 , (90)
which, up to the order 1
Λ
, is
P⊥ ∼= 4sθE(
m2
b
2E2
+ (1− cθ)
(
1− m2t
2E2
)) (a˜ww1 + 2adcθ)
Λ
. (91)
Again, E =
√
s is the CM energy of the W+LW
−
L system; P⊥, by definition, can only
obtain values between −1 and 1. For E = 1.5 TeV, Λ = 3 TeV, and θ = pi
2
, or pi
3
, we
obtain P⊥ = 4a˜ww1, or 4
√
3(a˜ww1 + ad), respectively. Since | P⊥ | is at most 1, this
requires | a˜ww1 |< 14 or | a˜ww1 + ad |< 14√3 .
At a 1.5 TeV e+e− collider, the no-Higgs SM predicts about 100 tt pairs, with an
invariant mass between 800 GeV and 1100 GeV, via the W+L W
−
L fusion process . Let
us assume that ad = 0, and that P⊥ can be measured to about 1√100 = 10%, then an
agreement between data and the no-Higgs SM prediction (P⊥ = 0 at tree level) would
imply | a˜ww1 | ≤ 0.04.
9 Conclusions
If the fermion mass generation is closely related to the EWSB mechanism, one
expects some residual effects of this mechanism to appear in accordance with the mass
hierarchy. Since the mass of top quark is heavy, it is likely that the interactions of the
top quark can deviate largely from the SM predictions. In this study, we have applied
the electroweak chiral Lagrangian to probe new physics beyond the SM by studying
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the couplings of the top quark to gauge bosons. We have restricted ourselves to only
consider the interactions of the top and bottom quarks and not the flavor changing
neutral currents that involve the other light quarks. Also, motivated by low energy
data, we assume that the coupling of Z-b-b is not strongly modified by new physics.
In section 2, we introduced the dimension 4 non-linear chiral Lagrangian that
contains the no-Higgs SM and the four unknown effective coefficients. Among them,
two represent the non-standard couplings associated with the left- and right-handed
charged currents κCCL and κ
CC
R , and two more for the anomalous left- and right-
handed neutral currents κNCL and κ
NC
R . Constrains for these coefficients have been
found using precision LEP/SLC data [4]. In particular, under the assumption that
the b-b-Z vertex is not modified at tree level, κNCL is bound within 0 and 0.15 (0.0 <
κNCL < 0.15). On the other hand, although κ
NC
R and κ
CC
L are allowed to vary in the
full range of ±1, the precision LEP/SLC data do impose some correlations among
κNCL , κ
NC
R , and κ
CC
L . As for κ
CC
R , this coupling does not contribute to the LEP/SLC
observables of interest in the limit of mb = 0, but it can be constrained independently
by using the CLEO measurement of b→ sγ: −0.037 < κCCR < 0.0015 [28, 29].24 At
the upgraded Tevatron (Run-II) and the LHC, κCCL and κ
CC
R can be further tested by
studying the production and the decay of the top quarks while κNCL and κ
NC
R can be
better measured at the LC.
If a strong dynamics of the electroweak symmetry breaking mechanism can largely
modify the dimension 4 anomalous couplings, it is natural to ask whether the same
dynamics can also give large dimension 5 anomalous couplings. In the framework
of the electroweak chiral Lagrangian, we have found that there are 19 independent
dimension five operators associated with the top quark and the bottom quark sys-
tem. Their leading contributions to the helicity amplitudes for VLVL → tt¯, tb¯, or bt¯
processes are given in Appendices B and C. The high energy behavior of the above
scattering processes due to the dimension 5 operators, two powers in E above the
no-Higgs SM, provides a good opportunity to test these operators on the production
of tt¯ pairs or single-t or t events in high energy collisions. Since, in the high energy
regime, a longitudinal gauge boson is equivalent to the corresponding would-be Gold-
stone boson, the production of top quarks via VLVL fusions shall probe the part of
the electroweak symmetry breaking sector which modifies the top quark interactions.
Since the dimension 4 anomalous couplings κ’s can be well measured at the scale of
MZ or mt, we expect that their values will be already known by the time data is
available for the study of VLVL fusion processes in the TeV region. Hence, to simplify
our discussion on the accuracy of the measurement of the dimension 5 anomalous
couplings at future colliders, we have taken the dimension 4 anomalous couplings to
be zero for this part of the study. Also we have considered a special class of new
physics effects in which an underlying custodial SU(2) symmetry is assumed that
24 We have used the updated data in Ref. [28] and the formula in Ref. [29] to recalculate this
bound.
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gets broken in such a way as to keep the couplings of the Z-b-b unaltered. This ap-
proximate custodial symmetry then relates some of the coefficients of the anomalous
operators, reducing the number of independent coefficients from 19 down to 6 only.
Then we study the contributions of these couplings to the production rates of the top
quark at the LHC and the LC.
We find that for the leading contributions at high energies, only the S- and P-
partial wave amplitudes are modified by these anomalous couplings. If the magnitudes
of the coefficients of the anomalous dimension 5 operators are allowed to be as large
as 1 (as suggested by the naive dimensional analysis [25]), then we will be able to
make an unmistakable identification of their effects to the production rates of top
quarks via the longitudinal weak boson fusions. However, if the measurement of
the top quark production rate is found to agree with the SM prediction, then one
can bound these coefficients to be at most of order 10−1. This is about a factor
Λ
mt
≃ 3TeV
175GeV
∼ O(10) more stringent than in the case of the study of NLO bosonic
operators via the VLVL → VLVL scattering processes [21, 31, 24]. Hence, for those
models of electroweak symmetry breaking for which the naive dimensional analysis
gives the correct size for the coefficients of dimension 5 effective operators, the top
quark production via VLVL fusions can be a more sensitive probe to EWSB than the
longitudinal gauge boson pair production via VLVL fusions which is commonly studied.
For completeness, we also briefly discuss how to study the CP-odd operators by
measuring CP-odd observables. In particular, we study their effects on the transverse
(relative to the scattering plane of W+LW
−
L → tt¯) polarization of the top quark.
In conclusion, the production of top quarks via VLVL fusions at the LHC and
the LC should be carefully studied when data is available because it can be sensitive
to the electroweak symmetry breaking mechanism, even more than the commonly
studied VLVL → VLVL processes in some models of strong dynamics.
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A Equations of Motion
From the electroweak chiral Lagrangian L(4) of Eq. (33), we can use the Euler-
Lagrange equations to obtain the equations of motion for the top quark. They are:
iγµ(∂µ + i
2
3
s2wAµ)tL −
1
2
(1− 4
3
s2w + κ
NC
L )γ
µZµtL − 1√
2
(1 + κCCL )γ
µW+µ bL −mttR = 0 ,
iγµ(∂µ + i
2
3
s2wAµ)tR −
1
2
(−4
3
s2w + κ
NC
R )γ
µZµtR − 1√
2
κCCR γ
µW+µ bR −mttL = 0 ,
iγµ(∂µ − i1
3
s2wAµ)bL − (−
1
2
+
1
3
s2w)γ
µZµbL − 1√
2
(1 + κCC†L )γ
µW−µ tL −mbbR = 0 ,
iγµ(∂µ − i1
3
s2wAµ)bR −
1
3
s2wγ
µZµbR − 1√
2
κCC†R γ
µW−µ tR −mbbL = 0 .
B L(4) helicity amplitudes
Below, we show the leading contributions in powers of E (the CM energy of the
VLVL system) of the helicity amplitudes for the processes VLVL → tt, tb and bt, in
the limit E ≫ mt ≫ mb, and for the no-Higgs SM (i.e. L(4)SM).25 In general, any
contribution that is not proportional to E3 or mtE
2 (the highest leading factors) is
neglected throughout this paper.
B.1 ZLZL → tt and W+LW−L → tt
The helicity amplitudes for tt production are given as follows. The first two letters,
zz or ww, refer to the ZLZL → tt or W+L W−L → tt scattering processes, respectively.
The first and second adjacent symbols (+ or −), refer to the helicities of the final top
and anti-top quarks, respectively. Throughout this paper, the scattering angle θ is
defined as the one subtended between the momentum of the incoming gauge boson
that appears on the top-left part of the Feynman diagram [cf. Figs. 3, 4 and 5]
and the momentum of the outgoing fermion appearing on the top-right part of the
same diagram; all in the CM frame of the VLVL pair. We denote its sine and cosine
functions as sθ and cθ, respectively.
zz++ = −zz−− = mtE
v2
,
zz+− = zz−+ =
2 m2t cθsθ(
4c2
θ
m2t
E2
+ s2θ
)
v2
,
ww++ = −ww−− = zz++ ,
25These amplitudes agree with those given in Ref. [36].
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ww+− =
2m2t sθ(
2mb2
E2
+ (1− cθ)
(
1− 2m2t
E2
))
v2
,
ww−+ =
2m2b sθ(
2mb2
E2
+ (1− cθ)
(
1− 2m2t
E2
))
v2
. (B.1)
For ww+− we have kept the term proportional to the b-mass in the denominator of
the fermion-propagator to avoid infinities at θ = 0 in the numerical computations.
For completeness, we include the leading contributions that may come from the
κ coefficients in L(4) [cf. Eq. (33)]:
zzκ++ = −zzκ−− =
mtE
v2
[
(κNCL − κNCR + 1)2 − 1
]
,
zzκ+− = zz
κ
−+ =
2m2t cθsθ(
4c2
θ
m2t
E2
+ s2θ
)
v2
[
(κNCL − κNCR + 1)2 − 1
]
,
wwκ++ =
mtE
v2
[
(1 + cθ)( 2κ
CC
L + (κ
CC
L )
2 + (κCCR )
2 )− cθ(κNCL + κNCR )
]
,
wwκ−− = −wwκ++
wwκ+− =
E2sθ
v2
[
κNCR − (κCCR )2
]
,
wwκ−+ =
E2sθ
v2
[
κNCL − κCCL (2 + κCCL )
]
. (B.2)
B.2 W+L ZL → tb and W−L ZL → bt
The following helicity amplitudes for single top or anti-top production were not given
in Ref. [36]. We have taken the limit E ≫ mt ≫ mb. The first three letters, wzt or
wzb, refer to the W+L ZL → tb or W−L ZL → bt scattering process, respectively.
wzt++ = −
√
2m3t (1− cθ)
E
(
1− 2m2t
E2
) (
1 + cθ +
2m2
t
E2
)
v2
,
wzt−− = 0 ,
wzt+− = 0 ,
wzt−+ = −
√
2m2t sθ(
1− 2m2t
E2
) (
1 + cθ +
2m2t
E2
)
v2
,
wzb++ = −wzt−−(cθ → −cθ) = 0 ,
wzb−− = −wzt++(cθ → −cθ) =
√
2m3t (1 + cθ)
E
(
1− 2m2t
E2
) (
1− cθ + 2m
2
t
E2
)
v2
,
wzb−+ = −wzt−+(cθ → −cθ) =
√
2m2t sθ(
1− 2m2t
E2
) (
1− cθ + 2m
2
t
E2
)
v2
,
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wzb+− = −wzt+−(cθ → −cθ) = 0 . (B.3)
Including the contributions from the κ coefficients in L(4), we obtain:
wztκ++ =
Emt
v2
√
2
(1 + κCCL )
[
(1− cθ)κNCL − 2κNCR
]
,
wztκ−− =
Emt
v2
√
2
κCCR
[
2κNCL + (1− cθ)(2− κNCR )
]
,
wztκ+− =
E2sθ
v2
√
2
κCCR ( κ
NC
R − 2 ) ,
wztκ−+ =
E2sθ
v2
√
2
κNCL ( 1 + κ
CC
L ) . (B.4)
C L(5) helicity amplitudes
Below, we show the anomalous coupling contributions to the helicity amplitudes for
the VLVL → tt, tb or bt scattering processes. The first letter, a, stands for anomalous.
All the 19 anomalous operators listed in section 4 have been considered.
C.1 ZLZL → tt
There are four operators relevant to this process. The four-point operator OgZZ , with
coefficient azz1, contributes only through the diagram of Fig. 3(c). The other three,
OσDZ , OZDf and OgDZ , with coefficients az2, az3 and az4, respectively, contribute
through diagrams 3(a) and 3(b). However, since external on-shell Z bosons satisfy
the condition pµǫ
µ = 0, the contribution from the derivative-on-boson operators OσDZ
and OgDZ vanishes. The only non-zero contributions come from OgZZ and OZDf . The
anomalous contributions to the helicity amplitudes are:
azz++ =
−E3
(
2 azz1 +
(
1− 8
3
s2w
)
az3
)
v2Λ
,
azz−− = −azz++ ,
azz+− = az−+ = 0 , (C.1)
The amplitudes with opposite sign helicities azz+− and azz−+ appear as zero. This
is so because the contribution from the four-point operator OgZZ is proportional to
the spinor product u[λ = ±1]v[λ = ∓1], which is zero in the CM frame of the tt pair.
Furthermore, for the operator with derivative-on-fermion, OZDf , the leading energy
power for azz±∓ is E0 and we do not include it in the above results.
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C.2 W+LW
−
L → tt
The relevant operators are: the four-point operators OgWW and OσWW with co-
efficients aww1 and aww2, respectively; derivative-on-boson operators OσDZ , OgDZ ,
OσDWL(R), OgDWL(R) and OA, with coefficients az2, az4, aw2L(R), aw4L(R) and am,
respectively; derivative-on-fermion operators OZDf , OWDtR(L) and OWDbL(R), with
coefficients az3, aw3R(L) and abw3L(R), respectively.
However, some operators give null contributions. For instance, aw2L(R) and aw4L(R)
enter in the t-channel diagram of Fig. 4(a), but the condition ǫµp
µ = 0 for the on-shell
W+ and W− bosons makes their contribution to vanish. Similarly, the contribution
from OgWW is proportional to the spinor product u[λ = ±1]v[λ = ∓1], which is zero
in the tt CM frame; also, the contribution from OgDZ , which enters in the s-channel
diagram 4(c), vanishes when the Lorentz contraction in the product of the tri-boson
coupling, the bosonic propagator and the anomalous coupling is done. There is no
effect from operators that depend on bR, such as OgDWL, OWDtL and OWDbL, because
the bottom quark is purely left handed in diagram 4(a) in the limit mb → 0. Also, the
contributions from the operators OWDtR(L) (with coefficient aw3R(L)) and OWDbL(R)
(with coefficient abw3L(R)) are identical. Hence, the helicity amplitudes are:
aww++ = − 2E
3
v2Λ
(aww1 + aww2 cθ) −
E3
v2Λ
(
aw3R + abw3R√
2
+ cθ
(
−aw3R + abw3R√
2
− 2 az2 + az3 + 4am
))
,
aww−− = −aww++ ,
aww+− =
2E2mt sθ
v2Λ
(
2 aww2 − aw3R + abw3R√
2
− 2 az2 + 4am
)
,
aww−+ =
2E2mt sθ
v2Λ
(2 aww2 − 2 az2 + 4am) . (C.2)
C.3 W+L ZL → tb
There are two kinds of operators that contribute to this process. The first ones
(operators with top and bottom quarks) distinguish chirality; the second ones (op-
erators with top quarks only) do not. The ones that distinguish chirality are: the
four-point operators OgWZL(R) and OσWZL(R), with coefficients awz1L(R) and awz2L(R),
respectively; derivative-on-boson operators OσDWL(R) and OgDWL(R), with coefficients
aw2L(R) and aw4L(R), respectively; derivative-on-fermion operatorsOWDtR(L) andOWDbL(R),
with coefficients aw3R(L) and abw3L(R), respectively. The second ones, that do not
distinguish chirality, are: derivative-on-boson operators OσDZ and OgDZ , with coeffi-
cients az2 and az4, respectively; derivative-on-fermion operator OZDf , with coefficient
az3.
A particular feature, common to all the operators that distinguish chirality, takes
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place: If the helicity of the particle is opposite to the chirality in the coupling, then
the contribution will be proportional to the mass of that particle. For instance, the
leading term for the contribution of OWDtR to awzt++ is proportional to E3, but the
leading term for awzt−− is proportional to mtmbE1. (The left handed helicity of the
anti-bottom is opposite to its left handed chiral component.)
The three relevant operators that do not distinguish chirality participate only
through the u-channel diagram of Fig. 5(b), and only OZDf gives non-zero contribu-
tion. The other two, with derivative on boson, have their contribution vanished from
the condition ǫµp
µ = 0 of the on-shell Z boson. On the other hand, the contribution
of OZDf to those amplitudes with a left handed helicity anti-bottom is zero in the
limit mb → 0 because the bottom becomes purely left handed in this diagram. Hence,
awzt++ =
E3
2v2Λ
(
aw3R + abw3R
(
1 +
2
3
s2w + cθ
)
−
4 awz1R − 4 awz2R cθ −
√
2 az3 (1 + cθ)− 4c2waw2R cθ + 4s2waw4R
)
,
awzt+− =
E2mt sθ
2v2Λ
(
4 awz2L + aw3L + abw3L + 4c
2
w aw2L
)
,
awzt−+ =
E2mt sθ
2v2Λ
(
4 awz2R − aw3R + abw3R −
√
2 az3 + 4c
2
w aw2R
)
,
awzt−− =
E3
2v2Λ
(
4 awz1L + 4 awz2L cθ + 4c
2
w aw2L cθ+
aw3L + abw3L (1− 2
3
s2w − cθ)− 4s2waw4L
)
, (C.3)
C.4 W−L ZL → bt
This process is similar toW+L ZL → tb, as discussed above. The same kind of operators
contribute here, and the same reasons of why some contributions are negligible or zero
apply.
awzb++ = −awzt−− (cθ → −cθ)
=
E3
2v2Λ
(
−4 awz1L + 4 awz2L cθ + 4c2w aw2L cθ−
aw3L + abw3L (1− 2
3
s2w + cθ) + 4s
2
waw4L
)
,
awzb−− = −awzt++ (cθ → −cθ)
=
E3
2v2Λ
(
4 awz1R +
√
2 az3 (1− cθ) −
4 awz2R cθ − 4c2w aw2R cθ − aw3R + abw3R (1 +
2
3
sw
2 − cθ)− 4s2waw4R
)
,
awzb+− = −awzt+− ,
awzb−+ = −awzt−+ . (C.4)
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